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MIYOSHI MYOPATHY AND LIMB girdle muscular dystrophy 2B (LGMD2B) are caused by autosomal recessive inheritance of mutations in the DYSF gene, leading to the absence of dysferlin (4, 12, 14) . Dysferlin is a member of the ferlin family of proteins, which are all thought to be involved in the process of vesicle fusions (2, 13) . Dysferlin has been shown to be involved in muscle membrane repair and is critical for vesicle fusion in response to calcium influx, which seal breaks in the muscle plasma membrane (sarcolemma). Loss of dysferlin is thought to cause muscular dystrophy due to the inability to rapidly repair membrane breaks, causing activation of muscle breakdown.
Generally, Miyoshi/LGMD2B patients are compound heterozygotes, with both missense and nonsense mutations being common (12, 17) . Carriers with one wild-type allele are asymptomatic (10) . A significant number of Miyoshi patients harbor a nonsense mutation, and at least one nonsense allele (R1905X) is prevalent in specific populations due to founder effects (22) . Thus the subset of Miyoshi/LGMD2B patients harboring the R1905X allele are candidates for nonsense suppression therapy.
This potential utility of nonsense suppression as a therapeutic approach has been demonstrated in the mouse model of Duchenne muscular dystrophy (DMD) using small molecules to allow read-through of nonsense mutations in dystrophin to correct the disease phenotype (3, 24) . One of those studies (24) documented the discovery of ataluren (PTC124), an investigational drug that is currently being evaluated in patients with DMD and cystic fibrosis (11) . The goal of the studies presented here was to evaluate whether PTC124 could be a possible therapeutic for a Miyoshi/LGMD2B patients harboring a nonsense mutation.
Mice with dysferlin deficiency have become accepted models for LGMD2B/Miyoshi myopathy and have been utilized to understand the progression of this disease. Two examples of naturally occurring mutations have been identified in the SJL/J and A/J mouse (5, 9), and gene targeting has produced two additional murine models (2, 9) . In all animal models, the absence of dysferlin causes a defect in membrane repair, which is evident upon physical or chemical disruption of the sarcolemma. However, none of these mouse models carries nonsense mutations and, therefore, cannot be used to evaluate nonsense suppression drugs.
The only current source of skeletal muscle with nonsense mutations in dysferlin is the patients with Miyoshi/LGMD2B. Accordingly, we sought to develop an assay for dysferlin function that uses cultured myotubes derived from patient muscle biopsies. We felt, however, that to treat primary muscle cells with ataluren and then analyze for production of fulllength dysferlin would not necessarily validate ataluren as a potential therapeutic. Dysferlin has a number of putative calcium-binding domains (C2 domains) that are predicted to be critical for its function. Many of the known missense mutations result in inactivation of dysferlin and disease (1, 12, 17) . The most common of the dysferlin nonsense mutations (R1905X) is found in the last of the C2 domains (17) .
While, in many regions of proteins, a random substitution of one amino acid will not lead to loss of function, it is clear that incorrect substitutions at active sites of proteins can potentially disrupt function (18) . Dysferlin has a number of putative calcium-binding domains (C2 domains) that are predicted to be critical for its function (6) . To test whether ataluren is a potential therapeutic for dysferlin patients, we wanted to develop an assay to monitor whether dysferlin protein produced by treating cells with ataluren would have functional activity. Such an assay would not only determine whether ataluren should be evaluated in dysferlin patients harboring nonsense mutations, but also could be used as a rapid screen of small molecules to monitor whether they rescue dysferlin function. At present, it is currently not possible to monitor whether potential therapeutics have activity, because there is no simple and reliable assay. While dye penetration in response to focal laser injury has been validated as an assay for rapid membrane repair that is mediated by dysferlin (2, 13) , this assay would be difficult to implement in a high-throughput manner that would require expensive equipment. Therefore, the development of new in vitro functions for dysferlin function would be a major advance for the field.
One potential biomarker that can be monitored in an assay is blebbing. Plasma membrane blebbing has been reported in cells undergoing apoptosis or oncosis, and it is considered as a prominent feature of cell injury (21) . Cultured myotubes develop expanding membrane blebs in response to a wide variety of treatments, including toxic agents such as fluvastatin and pravastatin (19) , doxorubicin (20) , or in response to hypotonic osmotic shock (16) . These blebs grow and eventually collapse as a result of disassociation of the plasma membrane from the underlying cytoskeleton. Membrane leakage can be detected by efflux of cytosolic enzymes, a rapid increase in cytosolic calcium concentration, and activation of calpains (23) .
We postulated that the formation of membrane blebs in skeletal muscle cells in response to hypotonic shock would require rapid fusion of membrane vesicles to increase membrane surface area. Rapid fusion of membrane vesicles is involved in membrane repair in response to mechanical injury (2, 13) and has been demonstrated to be a dysferlin-dependent process activated by calcium influx. In this study, we demonstrate membrane blebbing in skeletal muscle myotubes in response to hypotonic shock is also a dysferlin-dependent process. We then use the presence or absence of membrane blebbing in cultured myotubes in response to hypotonic shock as a new in vitro assay for dysferlin function. Using this assay, we demonstrate that ataluren can rescue dysferlin function in myotubes derived from a patient with a R1905X nonsense mutation.
MATERIALS AND METHODS
Primary skeletal muscle cultures. Quadriceps femoris muscles from neonatal wild type (C57) or dysferlin-deficient (A/J) mice were minced and then trypsinized in Ca 2ϩ , Mg 2ϩ -free Hanks balanced salt solution that contained 0.25% trypsin (Gibco BRL). The trypsinized muscles were pelleted down by centrifugation and resuspended in the differentiation medium, which contained 70% DMEM (Gibco BRL), 20% horse serum (Hyclone), 8% chick embryo extract (custom made), 1% L-glutamine (Invitrogen), and 1% penicillin-streptomycin (Invitrogen). After filtering through a 45-m Nitex mesh (Sefar America), cells were plated on collagen-coated (rat tail collagen type I, BD Bioscience) Aclar slips (Ted Pella) in culture dishes. Differentiation was allowed for 7 days for maturation of C57 and A/J myotubes. C2C12 cell line culture was conducted by first plating the cells on collagen-coated Aclar slips in the growth medium that contained 79% DMEM, 20% fetal bovine serum (Hyclone), 1% L-glutamine, and 1% penicillin-streptomycin. After reaching 80% confluency, the cells were then switched into the differentiation medium, which contained 90% DMEM, 10% horse serum, and 1% penicillin-streptomycin. Differentiation was allowed for 5 days for maturation of C2C12 myotubes.
Human muscle biopsies were obtained from an unaffected human and a compound heterozygotic patient with a R1905X mutation contributing to dysferlin deficiency. A left forearm extensor was biopsied under Massachusetts General Hospital protocol number MGH2005-P-000647/1, and this protocol has been reviewed and approved by the Massachusetts General Hospital Internal Review Board. Human satellite cells were then obtained and frozen for future culture experiments using the explant culture technique described by Decary et al. (7) . Myotube culture was initiated by plating the thawed frozen cells on collagen-coated Aclar slips in the growth medium that contained 20% fetal bovine serum and 1% penicillin-streptomycin in Ham's F10 (Invitrogen). After reaching to 80% confluency, the cells were then switched to the differentiation medium, which contained 97% DMEM, 0.001% insulin (Sigma), 0.01% apo-transferrin (Sigma), and 1% penicillin-streptomycin. Differentiation was allowed for 10 days for maturation of human myotubes.
Recombinant adenovirus and PTC124 treatment. Recombinant adenovirus vectors expressing full-length human dysferlin (Ad-dysferlin) were generated as previously described (8) . Cultured myotubes were infected with Ad-dysferlin at a multiplicity of infection of 100 for 24 h, and then cultured for an additional 7 days.
Ataluren (10 g/ml) was added to cultures when they were switched to differentiation medium. This concentration was chosen because it gave optimal read-though in previous studies with human DMD patient myotubes (24) . Drug was maintained for 7-10 days as the myotubes formed.
Immunofluorescence. Myotubes destined for immunofluoresence evaluation were cultured on Aclar (Electron Microscopy Sciences, Fort Washington, PA, catalog no. 10501-25). They were fixed with 2% formaldehyde in PBS for 5 min at room temperature and heated in 10 mM citrate buffer (pH 6.0) in boiling water bath for 10 min. Immunofluorescence staining then followed. Briefly, the cells were incubated with a monoclonal anti-dysferlin antibody (Neomarkers, Finally, the cells were mounted using Vectashield (Vector Laboratories), and imaging was performed on a Leica TCS SL confocal microscope system using a ϫ63 oil immersed objective.
Western blots. Cell samples were homogenized with lysis buffer containing 50 mM Tris·Cl (pH 8.0), 5 mM EDTA (pH 8.0), 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 0.5% deoxycholate, 50 mM DTT, and a protease inhibitor cocktail (Sigma). The protein homogenates were separated using 4 -15% gradient gel and then transferred to a nitrocellulose membrane. After blocking in 5% nonfat milk in Tween-20 Tris-base sodium, immunodetection was performed by incubating with the primary anti-dysferlin (Neomarkers, 1:40) and anti-␣-sarcoglycan (Abcam, 1:50) antibodies overnight at 4°C. Subsequently, the membrane was washed and incubated with horseradish peroxidase-conjugated goat anti-mouse IgG (GE Healthcare, 1:1,000) for 1 h at room temperature. For detection, the membranes were visualized by an enhanced chemiluminescence system (Pierce) and exposed to Hyblot CL autoradiograhic film.
Membrane blebbing in living myotubes. Myotubes were maintained in an open heating RC-30 chamber (Warner Instruments) filled with normal differentiation medium at 37°C. For creating hypotonic osmotic shock, the diluted differentiation medium at different concentrations was pumped to the chamber at the speed of 0.206 ml/min. We ascertained that dilution of the media with 25% water was optimal to observe blebbing of human myotubes, while 50% dilution gave the best results for mouse myotubes. These dilutions were used to generate the data presented herein. If less osmotic shock was used, fewer blebs were observed, while, in the case of greater shock, the myotubes rapidly lysed. In case of Ca 2ϩ -chelating experiments, EGTA (using 0.5 M stock) was directly added to the dish to the desired final concentration immediately after dilution. Blebbing was observed with phase contrast imaging, performed on a Leica DMR microscope using a ϫ40 objective.
RESULTS
The initial goal of this study was to develop a new and simple way to assay dysferlin function in cultured myotubes. The first step was to test the hypothesis that the process of muscle membrane blebbing is a dysferlin-dependent process triggered by the entry of extracellular calcium. We first compared hypotonic shock-induced membrane blebbing in myotubes of mouse C 2 C 12 muscle cell line, with and without the addition of 20 mM EGTA to the media to chelate extracellular calcium. As shown in Fig. 1 , blebbing occurred within a few seconds, but only in the presence of extracellular calcium (absence of EGTA). Note that, to better see the membrane blebs, the contrast of all phase contrast images has been adjusted. In some cases, this has rendered the blebs dark, as in Fig. 1 , but in most cases they appear light in contrast.
We next compared blebbing in primary muscle cell cultures from C57 mice ( Fig. 2A) , which produce dysferlin (Figs. 3A and 4A) to those from A/J mice (Fig. 2B) , which are dysferlin deficient. Blebbing was seen only in the dysferlin-producing myotubes. We then demonstrated that expression of full-length human dysferlin using recombinant adenoviral infection (Figs. 3A and 4A) could rescue blebbing in the A/J myotubes (Fig.  2C) . Thus membrane blebbing in mouse skeletal muscle myotubes clearly relies on dysferlin to promote rapid vesicle fusion.
Next, we obtained a skeletal muscle biopsy from a Miyoshi patient with a R1905X mutation, performed explant culture, and generated a population of myogenic cells. These cells were then cultured to produce myotubes, as were myogenic cells obtained from an unaffected human biopsy. The unaffected human myotubes expressed dysferlin (Figs. 3B and 4A ) and underwent membrane blebbing in response to hypotonic shock (Fig. 5A) . As was the case with myotubes from the A/J mouse, the Miyoshi myotubes failed to form membrane blebs in the face of hypotonic shock (Fig. 5B) and were dysferlin deficient (Figs. 3B and 4A ). Again, we were able to successfully rescue blebbing with adenoviral infection with a virus that expressed full-length human dysferlin (Figs. 3B, 4A, and 5C ).
To test whether suppression of the premature stop codon at R1905X using ataluren could produce full-length dysferlin, we (Again note that contrast was adjusted to optimize visualization of blebs. In this case, the blebs appear light.) B: primary A/J mouse myotube exposed for 10 s to hypotonic solution. No blebbing is seen. C: primary A/J mouse myotube that is expressing full-length human dysferlin (infection with adenovirus expressing dysferlin) exposed for 10 s to hypotonic solution. In this case, blebbing is easily visualized, demonstrating that dysferlin is sufficient to rescue blebbing function. treated myotubes after fusion with 10 g/ml PTC124. This level of drug was chosen based on the optimal concentration in human DMD cultures (24) and on limited dose-response studies on R1905X myotubes. As shown in Fig. 3B , dysferlin expression was detected by immunofluoresence following PTC124 treatment. Western blot analysis revealed that the treated Miyoshi myotubes expressed ϳ15% of the level of dysferlin detected in unaffected human myotubes (Fig. 4B) . We then performed blebbing experiments with the patient myotubes grown in the presence of 10 g/ml PTC124. Blebbing was apparent (Fig. 5) , indicating that the dysferlin produced was functional.
DISCUSSION
The major goal of this work presented here was to develop a simple in vitro assay for dysferlin function in skeletal muscle myotubes. We hypothesized and subsequently demonstrated that membrane blebbing induced by hypotonic shock is dependent on both calcium and dysferlin and thus can fulfill the need for a simple functional assay. A limitation of the assay is that, in our experience, the density of membrane blebs on myotubes was highly variable. Thus the assay likely cannot be used to ascertain if a given condition induces more blebbing. However, in the absence of dysferlin, there were never membrane blebs, and thus the presence or complete absence of blebs can be used to assess whether or not dysferlin function has been rescued, as we have done in this study. While quantification of blebbing has been previously reported, it was in the context of mature skeletal muscle fibers (16) . The lack of synchrony in myotube formation, and therefore the gradient of differentiation status of myotubes in a culture, likely underlies the observed variability in the extent of blebbing. Nonetheless, the absence of any blebbing can be used as a monitor for loss of dysferlin function and restoration of blebbing as a monitor of functional rescue.
Transient hypotonic shock could also be used as the basis for high-throughput screens for drug discovery in the search for compounds that induce compensation for dysferlin deficiency. In this case, blebbing itself could be monitored in a highcontent screen, or indicators of cytosolic calcium rise (21) or even indicators of calpain activation (23) could be used. Compounds that trigger blebbing by mechanisms other than Fig. 3 , no dysferlin expression can be detected in A/J and Miyoshi myotubes, unless they are infected with recombinant adenovirus expressing full-length human dysferlin (Ad-DYSF). B: treatment of Miyoshi myotubes with PTC124 results in ϳ15% of the levels of dysferlin, as found in unaffected myotubes (based on densitometry). Normalization was performed using the levels of ␣-sarcoglycan expressed in unaffected and Miyoshi myotubes. A: shown is a primary human (unaffected) myotube after 10 s of exposure to hypotonic solution (25% dilution of media by water) demonstrating membranes blebs. Membrane blebs are indicated by arrows. B: primary myotube from a Miyoshi patient exposed for 10 s to hypotonic solution. No blebbing is seen. C: primary Miyoshi myotube that is expressing full-length human dysferlin (infection with adenovirus expressing dysferlin) exposed for 10 s to hypotonic solution. In this case, blebbing is easily visualized, demonstrating that dysferlin is sufficient to rescue blebbing function in Miyoshi myotubes. D: membrane blebs are seen in the myotubes derived from the Miyoshi patient carrying a R1905X mutation following PTC124 treatment. This rescue of blebbing by treatment with PTC124 demonstrates that the dysferlin produced via nonsense suppression is functional. osmotic shock or membrane injury (e.g., apoptosis or toxic agents) may or may not require dysferlin, but would be excluded from screens in that they would lead to blebbing before hypotonic challenge. Alternatively, entry of cytosolic enzyme contents into the media in response to transient hypotonic shock could be assessed, but this would not be as amenable to high-throughput screens as optical indicators.
We have demonstrated that PTC124 (ataluren) promotes read-through of the R1905X mutation in human dysferlin to allow for the accumulation of ϳ15% of normal levels in cultured myotubes. This level of protein is being produced from mRNA from just one allele that is most likely degraded rapidly due to nonsense-mediated decay (15) . Furthermore, use of the membrane blebbing assay developed and described here further demonstrated that dysferlin protein produced as a consequence of ataluren treatment was functional. The levels of dysferlin that are necessary to completely rescue its function in skeletal muscle is unknown, although it is known that haplo insufficiency is not associated with disease. We anticipate, however, that any significant level of functional dysferlin production is likely to slow disease progression in human Miyoshi/LGMD2B patients. Therefore, nonsense mutation patients, like those harboring R1905X mutations, are candidates for potential therapeutic trials with PTC124. Patients who are homozygotic for the mutation are particularly strong candidates. The blebbing assay developed here can also be used to monitor ataluren activity in patients harboring other nonsense mutations in the dysferlin gene.
